Small-amplitude Boussinesq convection in a plane layer with rigid, conducting boundaries rotating uniformly about a vertical axis is studied. A horizontally unbounded layer is modeled by periodic boundary conditions and the effect of mean-flow suppression by distant sidewalls is considered, An exact linear stability calculation partitions parameter space into regions of stationary and oscillatory convective onset. In the stationary regime, the critical Taylor number and critical angle for the onset of the Kuppers-Lortz instability are determined as a function of the Prandtl number cr. 
I. INTRODUCTION
Convection in a rotating plane layer heated from below is of interest for two fundamental reasons. First, for suKciently small Prandtl numbers it can exhibit overstability, i.e. , a Hopf bifurcation from the conduction state, that can be expected to lead to a variety of interesting dynamical phenomena, much like those studied extensively in binary fluid mixtures [1, 2] . In addition, however, the presence of rotation breaks reflection symmetry in vertical planes, thereby allowing new instabilities to occur as well. Of particular interest in this context is the so-called Kiippers-Lortz instability discovered in 1969 [3] . This is an instability of a pattern of parallel rolls to a similar pattern but rotated through an angle o. with respect to the original one. Since the new pattern that is established is itself unstable to the same instability, the instability inevitably leads to interesting time-dependent behavior. Kiippers and Lortz [3] showed that for sufficiently fast rotation rates this instability sets in already at the threshold of the pattern-forming instability, suggesting that in this regime the conduction state loses stability directly to a spatiotemporally complex state.
The present paper is motivated by recent experiments [4, 5] on this system. Specifically we are interested in providing precise and detailed predictions from the linear stability theory of the conduction state for experimentally measurable quantities such as the critical Rayleigh number, the wave number of the selected pattern, and the Hopf frequency (if the instability is oscillatory). The calculations are therefore carried out for the experimental boundary conditions and parameter values. The stability boundaries for the onset of both steady and oscillatory convection with no-slip and free-slip boundary conditions are found to become indistinguishable for sufficiently large rotation rates. This result, already well known for the onset of steady convection, can be supported by an asymptotic expansion in a small parameter (the Ekman or inverse Taylor number). In addition we present the results of weakly nonlinear calculations that enable us to compute accurately both the critical rotation rate beyond which rolls are Kuppers-Lortz unstable as well as the angle with which the instability sets in. These quantities are a sensitive function of the Prandtl number, and here the results differ considerably from those with more idealized boundary conditions. The remainder of the paper is concerned with weakly nonlinear oscillatory convection. The calculations are restricted to two spatial dimensions so that the nonlinear problem concerns only traveling and standing waves. We determine the relative stability between these two patterns and show that either may be stable, depending on the system parameters. In this discussion we are careful to consider the impact of distant sidewalls in preventing the appearance of the mean flows that are associated with traveling patterns in unbounded systems. As in the Kiippers-Lortz calculation we consider stability only with respect to perturbations of the same wave number as the basic pattern. Although this procedure excludes a large class of potentially important perturbations, prior experience suggests that the selected perturbations are the most dangerous. In addition this restriction enables us to rely on results obtained from equivariant bifurcation theory. This technique [6] [8] . In Table II In Sec. VI these coeKcients are computed for various values of the parameters. Two cases are considered, referred to as the unconstrained and constrained problems.
The former is the formally unbounded problem with spatially periodic boundary conditions on all fields. This formulation allows the presence of constant mean flows that are associated with the TW. To model the efFect of distant sidewalls in suppressing such mean flows we superpose in the constrained problem a constant pressure gradient just large enough to cancel the mean fiow. Consequently while the pressure gradient remains periodic in space the pressure itself is no longer spatially periodic. This approach has been used before to study the efFects of distant sidewalls on the oscillatory instability of rolls [9] and on TW convection in binary fiuid mixtures [10] , as well as the efFects of distant ends on spiral vortices in the Taylor-Couette system [ll] . Note Table II ). (20) , where A = A~g~sh /v is the dimensionless angular velocity, h is the separation of the top and bottom plates, and v is the kinematic viscosity. Note that results from the above formulation only apply to systems for which the Froude number dA &",/g is small so that centrifugal acceleration is small compared with gravity, and the buoyancy force continues to act in the z direction. Here d is the characteristic horizontal dimension of the system. This is the ease in the recent experiments on large aspect ratio rotating convection in which the Froude number is typically at most 1% [5] . These experiments also motivate our choice of boundary conditions, no-slip, thermally conducting boundaries at top and bottom: u=e=Oatz=+1. 2' As already explained in the preceding section we choose two types of boundary conditions in the horizontal. In the unconstrained case all fields are assumed to be spatially periodic functions in the ki z directions with spatial period 27r/k"where k, is the wave number of the mode that first becomes unstable as the Rayleigh number is increased. In the second, constrained, case we suppose that a mean pressure gradient (-:V' p is present and is determined by the requirement that no mean flow is present orthogonal to a sidewall. The difFerence between these two sets of boundary conditions manifests itself only for propagating patterns.
For computational convenience, we introduce poloidal and toroidal stream functions y and Q, respectively, such that u = V' x V' x yz + V' x @z. (10) Equations (8a) and (8b) can then be expressed in the abstract form We omit the explicit form of the nonlinear terms N(P, P). (25) where *denotes the transpose of L followed by changing the sign of z. The adjoint problem is to be solved subject to appropriate boundary conditions. These are the same as those for p but applied at z = p 2 instead of z = 6 2.
Since the layer is symmetric about the midplane z = 0 it is possible, therefore, to find the adjoint eigenfunctions in terms of the solutions P (1) With the boundary conditions (9) the above calculations must be carried out numerically. The linear stability problem is solved as in [12] ; the remainder of the calculations were done using the package PATTERN SE-LECTION written in MATHEMATICA, the details of which will be presented elsewhere [13] .
panied by mean flows in both the x and y directions. The experiments serve as a guide for choosing the boundary conditions for the constrained case. These are carried out in large aspect ratio cylindrical containers. In such containers the predicted TW travel in the radial direction.
The container walls suppress the radial mean flow but the azimuthal mean flow remains unaffected. Thus the constrained problem is characterized by the requirements U = 0 and ("=0. [12] . We employ the parameters from the recent experiments on water [4, 5] , compressed CO2 gas [17] , and liquid 4He above the A point [18, 19] . These systems are primarily distinguished by their Prandtl numbers, these being o = 6.8, 0.80, and 0.49, respectively. In addition we examine o = 0.40, 0.30, and 0.025, the latter being of interest to earlier experiments on mercury [20] . This section is divided into three parts. In the first we describe the construction of the solution. The second is devoted to the large rotation rate limit and demonstrates that in this limit the linear stability results with no-slip boundary conditions approach asymptotically those for stress-free boundary conditions.
The results, presented in Sec. IVC, have been checked using a variant of the numerical code used in Ref. [12] provided by Dr. D. R. Moore. A. Construction of the solution 
7s o (A3-k~) -ice ) (27) where p~-= A~tanhA~/2.
(28) B. In this section, we extend earlier work of Niiler and Bisshopp [21] to show that, in the limit of large Taylor numbers, the linear stability properties of the conduction solution for stress-free and rigid boundaries are asymptotically indistinguishable.
In Fig. 6 as is the corresponding jump in frequency, from wcT at the CT point to zero. Note that the Hopf frequency reaches a maximum as a function of 0. before decreasing to its value w~T at the codimension-2 point [ Fig. 5(c) ].
For comparison with a similar study of binary Quid mixtures [12] we show in Fig. 7 stress-free boundaries [22] . The Takens-Bogdanov point is shown in Fig. 3 as the dotted line to the right of the CT curve.
For many purposes it is also important to understand the (slow) response of the system when subjected to large scale modulation such as might arise from distant sidewalls. Such a response is described by evolution equations in slow spatial and temporal variables. For such equations one needs to know the curvature of the curve R(k) at k = k"and the derivatives of the frequency with respect to both wave number and Rayleigh number [24] . In Fig. 8 we find r2 = -acos P -b sin P = -asin P -buncos P. 
V. THE KUPPERS-LORTZ INSTABILITY
The onset of the Kuppers-Lortz instability with noslip boundary conditions was studied for general Prandtl numbers by Kiippers [25] but the results are not sufficiently detailed for today's experiments. We have there- These relations determine a, 6, and 6 -in terms of rz, rz, and the arbitrary angle p 6 [O, vr] . Figure 3 shows the line r2R = 0. This line intersects the CT line at a codimension-3 point with coordinates o = 0.30, 7 Fig. 3 as the dashed-dotted line.
It is worth noting that the corresponding results for to experiments in large-aspect-ratio rotating convection with sufFiciently low Prandtl number. A recent theoretical study of three-dimensional overstable convection [27] indicates that a much larger number of competing spatially periodic patterns becomes available in three dimensions, suggesting the possibility that the standing waves that are stable in two dimensions might actually be unstable to other patterns in three dimensions. This is the case, for example, for compressible convection in a vertical magnetic field [30] . In addition, Ref. [27] 
